Objectives
Antimicrobial resistance is increasing globally and is threatening treatment options for humans and animals (WHO, 2014; Aarestrup, 2015) . In addition to the use of antimicrobial agents for humans, livestock animals are considered an important source of antimicrobial resistant bacteria transmitted through the food chain, potentially compromising human health (Aarestrup, 2015) .
Campylobacter jejuni is in many countries the most important foodborne pathogen. The emergence of fluoroquinolone resistance in C. jejuni is considered a major human health threat (Engberg et al., 2001) and one of the main reasons for categorizing the use of quinolones for humans as a major human health hazard (Collignon et al., 2009) . In recent years, a major increase in fluoroquinolone resistance has been observed in C. jejuni from poultry in Europe (EFSA and ECDC, 2016) .
The poultry production in Europe involves several Member States (MSs) with grand-parent flocks in one country, parent flocks in a second country, and production flocks potentially in a third country. It has previously been shown that antimicrobial resistance might be selected through use of antimicrobial agents in the grandparent flocks in one country and transmitted vertically though the production pyramid, without additional selective pressure in other countries (Aarestrup, 2015) .
Genomic diversity of C. jejuni has in recent years mainly been studied using the conventional seven genes multilocus sequence typing or by whole genome sequencing (WGS) (Sheppard and Maiden, 2015) . In poultry, many of the genomic lineages are globally distributed (Sheppard et al., 2010) . There is also evidence for phylogeographic structuring and proliferation of specific lineages in different countries (McTavish et al., 2008; Asakura et al., 2012) . In addition, studies have shown an association between specific clonal types and the emergence of fluoroquinolone resistance (Kinana et al., 2006; Habib et al., 2009; Kovač et al., 2014; Cha et al., 2017 ).
There are currently no studies that provide evidence on whether the observed emergence of fluoroquinolone resistance among C. jejuni might be related to vertical transmission or selected through quinolone use in the individual countries. Nor is there any evidence regarding whether it is related to a single or multiple clones or whether other epidemiological and/or microbiological factors might explain the increasing frequency of fluoroquinolone resistance in C. jejuni.
The main objectives of the study were:
 to determine the genomic diversity of FQ-R and FQ-S C. jejuni across the 12 European countries, including the 10 largest poultry production countries in the EU, and 2 additional countries;  to investigate whether the diversity observed may be related with selected explanatory variables, such as country-specific use of quinolones and/or poultry trade connections.
Thus, this study examines the genomic diversity of fluoroquinolone-resistant (FQ-R) and fluoroquinolonesusceptible (FQ-S) C. jejuni in 12 European countries, including the 10 largest poultry producers in the EU, investigates whether trade patterns and antimicrobial use in livestock might be associated with allele frequency of C. jejuni or population of C. jejuni and thereby provides an initial basis for more detailed studies in the future to control and prevent the further spread of fluoroquinolone resistant C. jejuni.
An invitation letter was sent on the 12th of September 2016, to the directors of the National Reference Laboratories (NRLs) for antimicrobial resistance in the above mentioned MSs describing the goals and the objectives of the study. The letter also included a description of what strains and which number of strains would be selected for the study, both FQ-S and FQ-R C. jejuni of poultry origin reported in the European Union Summary Report on Antimicrobial Resistance (EUSR-AR) in zoonotic and indicator bacteria from humans, animals and food in 2014. In addition, the letter also contained a template for a material transfer agreement (MTA) to ensure protection of any property rights and proper use of the material. A link to a questionnaire (Appendix A) was provided to all contact persons with the purpose to indicate the availability of metadata.
Finland and Luxemburg also showed interest in the study and provided additional C. jejuni genomes as a supplement to the collected isolates.
Methods Collection and identification of isolates
A total of 511 FQ-R and FQ-S C. jejuni strains were collected from the ten target countries, largest
European poultry producers, with Germany providing DNA of 70 additional strains instead of the isolates. Finland and Luxemburg showed interest to participate in the study and provided 86 additional genome sequences. The isolates from Finland represented C. jejuni present in Finland broiler production in 2014.
The number of isolates requested from the participating countries was greater than the number of isolates agreed to be whole genome sequenced according to the grant agreement. The reason to request a larger number of isolates was to ensure reaching the agreed number considering the possibility to have contaminations or mis-identifications. The isolates were sub-cultured upon arrival on Campylobacter
Charcoal Differential Agar (CCDA) and incubated for 24h at 42⁰C using microaerophilic conditions (6% O 2 , 7% CO 2 , 7% H 2 and 80% N 2 ). Subsequently, the strains were further cultured onto Columbia agar supplemented with 5% cattle blood and incubated as described above. The cultures were assessed by the naked eye for contaminations and stored at −80⁰C if assessed pure. Species identification was determined according to the polymerase chain reaction (PCR) protocol by Denis et al. (1999) 1 and further subjected to antimicrobial susceptibility by disk diffusion using ciprofloxacin disks of 5 µg and according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST).
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Selection of isolates, DNA extraction and whole genome sequencing
Out of the 581 C. jejuni strains/DNA, a subset of 419 strains were selected by selecting approximately every second isolate per country after sorting the isolates by date. The selection did not take into account www.efsa.europa.eu/publications 7 EFSA Supporting publication 2018:EN-1398
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the geographical region of origin or any other data provided. The pre-selection was conducted to select a number of strains compliant with the one originally planned in the Grant agreement for this study (i.e. about 400 strains). The DNA was extracted from 380 isolates randomly selected among those received (nine MSs) with a slight over-representation of strains resistant to FQ-R compared to FQ-S profiles as the aim of the study was to characterise resistant C. jejuni strains, using an Invitrogen Easy-DNATM Kit (Invitrogen, Carlsbad, CA, USA). DNA concentrations were determined using the Qubit dsDNA BR assay kit (Invitrogen). The subset of 380 strains and 39 DNA samples (Germany) from the ten MSs initially included in the study, were whole genome sequenced. The genomic DNA was prepared for Illumina pairend sequencing using the Illumina (Illumina, Inc., San Diego, CA) NexteraXT® Guide 150319425031942 following the protocol revision C.
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A sample of the pooled NexteraXT Libraries of the isolates or DNA from all MSs except for Romania were loaded onto a Illumina HiSeq reagent cartridge using HiSeq Reagent Kit v2. The libraries were sequenced using an Illumina Hiseq platform. Due to the late arrival of the Romanian isolates, these were whole genome sequenced using an Illumina MiSeq platform and corresponding an Illumina MiSeq reagent cartridge using MiSeq Reagent Kit v2.
The additional 59 isolates from Luxemburg were fragmented by Nextera XT and sequenced by Illumina MiSeq. The additional 27 genomes from Finland were sequenced by Illumina HiSeq. The raw reads were submitted to the European Nucleotide Archive (ENA) under project number PRJEB23492. The ENA accession number for individual strains can be found in the Supplementary Table in Annex A ('List genomes' sheet). The raw reads were de novo assembled using SPAdes 3.7.0.
Additional published genome sequences
In order to determine how the Campylobacter jejuni clades of this study fit within the global C. jejuni genomes, a set of 536 previously published Campylobacter jejuni genomes was retrieved from ENA. 4 The published C. jejuni genomes were retrieved from different studies that are available on ENA. The genomes were selected based on the availability of the following metadata: country of isolation, isolation date and year and isolation source. Among the genomes from Canada, France, UK and USA, there are highly redundant genomes from the same sources, years and study. The genomes from those countries were randomly chosen to cover as many sources, years as possible and the maximum numbers of selected genomes per country was 120 to reduce the bias of number of selected genomes in a selected country. The global set consisted of strains from Antarctica (n=3), Canada (n=120), Denmark (n=4), Estonia (n=4), Finland (n=20), France (n=100), Japan (n=1), Lithuania (n=2), Spain (n=59), Sweden (n=7), UK (n=98) and USA (n=118). The isolates originated mainly from poultry, human, cattle and sheep, and also included a few from cat, dog, environment, horse, raccoon, and pigs.
Species identification, conventional seven multilocus sequence typing, screening for antimicrobial resistance genes, and chromosomal point mutations
The assembled sequences were analyzed using in silico bioinformatics tools to confirm species, the MLST sequence type (ST-type) for C. jejuni, acquired antimicrobial resistance genes (beta-lactams, nitroimidazole, MLSsMacrolides-Lincosamides-StreptograminsB, sulphonamides, tetracyclines, fosfomycin, oxazolidinones, aminoglycosides, glycopeptides, rifampicin, trimethoprim, phenicols, fusidic acid and colistin resistance) and chromosomal point mutations for Campylobacter using the following pipelines: KmerFinder (version 2.0) (Hasman et al., 2014) , MLST (version 1.7) , and ResFinder (version 3.0) (Zankari et al., 2012) available from the Center for Genomic Epidemiology (CGE). The present document has been produced and adopted by the bodies identified above as author(s). In accordance with Article 36 of Regulation (EC) No 178/2002, this task has been carried out exclusively by the author(s) in the context of a grant agreement between the European Food Safety Authority and the author(s). The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, without prejudice to the rights of the author(s).
Criteria for choosing bioinformatics approaches
Different phylogenetic approaches have been tested. We used all available phylogenetic methods in this study, as there is no evaluation of phylogenetic approaches on C. jejuni. The methods chosen range from single nucleotide polymorphisms level to gene-by-gene approaches such as rMLST, cgMLST, wgMLST and core genome tree. We further applied population genetics for instance allele frequency to elucidate the link between trade, antimicrobial use in livestock and population of C. jejuni (allele frequency).
Single nucleotide polymorphisms tree
Single nucleotide polymorphisms (SNPs) were identified using the pipeline CSI phylogeny ) available from CGE. The paired-end reads were mapped to the reference genome, Campylobacter jejuni subsp. jejuni NCTC 11168 (accession number; NC_002163.1), using Burrows-Wheeler Aligner (BWA) version 0.7.2 (Li and Durbin, 2009 ). The SNPs were called using 'mpileup' module in SAMTools version 0.1.18 (Li et al., 2009 ). Subsequently, the SNPs were selected when they met the following criteria: 1) a minimum distance of 15 bps between each SNP (pruning), 2) a minimum of 10% of the average depth, 3) the mapping quality was above 25, 4) the SNP quality was more than 30, and 5) all INDELs were excluded. The qualified core SNPs were concatenated to a single alignment corresponding to the position of the reference genome. The concatenated sequences were subjected to parsimony tree construction using PhyML (Guindon et al., 2010) with the HKY85 substitution model.
ND tree
The reference genome was split into k-mers and stored in a hash table. When all of the raw reads had been mapped, the significance of the base call at each position was evaluated by calculating the number of reads X having the most common nucleotide at that position, and the number of reads Y supporting other nucleotides. A Z-score was calculated as Z = (X-Y)/sqrt(X+Y). The value of 1.96 was used as a threshold for Z corresponding to a p-value of 0.001. It was further required that X > 10*Y.
Each pair of sequences was compared and the number of nucleotide differences in positions called in all sequences was counted. A matrix with these numbers was given as input to a UPGMA algorithm implemented in the neighbour program 6 in order to construct the tree. The ND tree approach was implemented as a pipeline tool on the CGE website 7 .
rMLST, cgMLST and wgMLST trees
The rMLST (52 loci), cgMLST (1,343 loci) and wgMLST (1,643 loci) loci sequences were retrieved from http://pubmlst.org/campylobacter . The rMLST, cgMLST and wgMLST loci sequences were indexed for use with KMA (k-mer alignment) with a k-mer size of 16. Raw reads were mapped with KMA against the rMLST, cgMLST and wgMLST sequences to identify the best-matched allele numbers. The threshold for read mapping were match = 1, mismatch = -2, gap-opening = -3, gapextension = -1. There is no threshold for read depth. Trying for best matching alleles is more of a rule than an exception when doing cgMLST, this means that for every read we get there is almost always several equally well matching alleles. In order to resolve this with high precision, the ConClave sorting scheme is used. While all equally well matching alleles are saved in the first iteration, in a second iteration the most likely allele is chosen as the one with the highest number of matches.
KMA is a hash-based mapping method, designed to map raw reads directly against highly redundant databases (Clausen et al., 2017) . In order to do this, KMA uses the 'ConClave' scoring scheme, where all the best alignments for each read are initially saved and a global alignment score is calculated for each
The alignment itself is based on seed and extend, where matching k-mers are extended to longer stretches of an identical sequence between query and template. Seed-extends are then pieced together using the Needleman-Wunsch algorithm (Needleman et al., 1970) . The ends of the sequences are aligned by a modified Needleman-Wunsch, where the alignment is cut when one of the sequences end (Clausen et al., 2017) . KMA uses the Needleman-Wunsch algorithm between seed-extends to get a high resolution of indels and mismatches. The filtering of detected genes are done in the post-processing of the KMA mappings, where stop-codons and frame shifts are not taken into account. KMA predicts the most likely alleles based on the q-value.
KMA is freely available at: https://bitbucket.org/genomicepidemiology/kma and https://cge.cbs.dtu.dk/services/kma. The cgMLSTFinder tool can be found at: https://cge.cbs.dtu.dk/services/cgMLSTFinder-1.0/ .
The pairwise dissimilarities (distances) between genomes were identified based on the allele profile using 'gower' distance method in R. The rMLST, cgMLST and wgMLST trees were constructed from the distance matrix using hierarchical clustering in R. R codes for distance calculation and hierarchical clustering are as follows:
allele_profile <-read.table("matrix_allele_profile.txt", sep = "\t", row.names=1, colClasses = "factor")
library (cluster) library(ape) tree <-as.phylo(hclust(daisy(allele_profile, metric="gower"))) write.tree(phy=tree, file="tree.newick") Core genome ST type (cgST) was assigned by comparing core-genome alleles numbers with the coregenome allele profiles from Cody et al. (2017) with the cut-off <= 50 missing loci .
Core genome tree
The shared core genome was determined using SeqSphere+ (Ridom GmbH, Münster, Germany) software 8 via assembled genomes. First suitable MLST genes were determined using the C. jejuni genome RM1221 (NCBI accession NC_003912) with default settings with default parameters as described previously (Ruppitsch et al., 2015) . The 1,271 genes were then queried to each assembly. Truncated and missing genes from each isolate were discarded from the final analysis. The shared core genome consisted of 557 genes for the 502 C. jejuni isolates in this study. The core genome tree was built from the shared core genome using neighbour joining method.
Tree comparison
The trees were compared branch to branch using 'cophyloplot' function in R. Example of R code is below: association<-matrix(ncol=2, nrow=59) association[,1]<-association[,2]<-tree$tip.label cophyloplot (tree1, tree2, assoc=association, length.line=0, space=1000, gap=0) www.efsa.europa.eu/publications 10 EFSA Supporting publication 2018:EN-1398
The mean relative similarity between trees for all nodes was determined using function 'all.equal.list' from R package 'ape'. Example of R code is below:
library(ape) tree1 <-read.tree("tree1.newick") tree2 <-read.tree ("tree2.newick") all.equal.list(tree1,tree2)
Principal coordinate analysis of allele frequency
The allele frequency was calculated at host and country level from allele numbers of the conventional seven genes multilocus scheme from the 502 C. jejuni isolates and the 536 previously published C. jejuni genomes (Supplementary Table in Annex A -"'Allele frequency by source' sheet). In order to perform the principal coordinate analysis (PCoA) for determining the association between host and country based on allele frequency, the allele frequency matrix was calculated for the Bray-Curtis (BC) dissimilarities using R package vegan (Legendre and Gallagher, 2001 ). The PCoA plot was carried out using 'cmdscale' function in R. An example of R code can be found online.
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Trade connectivity of poultry, antimicrobial use in livestock and Procrustes analysis
The trade connectivity of poultry was the quantity in tons of grandparent and parent female chickens that were imported to the EU MSs included in this study, based on Eurostat figures for year 2014. The data can be found in the Supplementary Table in Annex A -'Trade' sheet.
Data for national livestock antimicrobial usage (AMU) was obtained from the European Medicines Agency's 2014 European Surveillance of Veterinary Antimicrobial Consumption (ESVAC) report and was stratified by major drug family (EMA, 2016) . The mass of active compound sold for use in all foodproducing species (including horses) in 2014 was normalized by dividing with the population correction unit (PCU) in tonnes -approximating the biomass. The PCU is the unit that allows interspecies integration by adjusting for import/export and differences in average weight between species when they are most likely to receive antimicrobial treatment. The country-specific livestock drug use can be found in Annex A -'AMU' sheet.
In order to test the association between country-specific trade connectivity and the allele frequency and the association between country-specific AMU patterns and the allele frequency, a Procrustes analysis using the vegan R package was performed. PCoA was generated from Bray-Curtis (BC) dissimilarities using the R package vegan (Legendre and Gallagher, 2001) for the PCU-corrected AMU, the trade connectivity data and allele frequency in country level. The symmetric Procrustes correlation coefficients, p-value and plots between trade connectivity against the allele frequency and AMU against the allele frequency were obtained using the 'protest' and 'procrustes' functions in vegan (Oksanen et al., 2016 
Phylogenetic tree and country association based on phylogeny
The cgMLST, wgMLST, SNP (Single Nucleotide Polymorphism), ND (Nucleotide Differences), rMLST and core genome trees were constructed (Figures 2-7) . The SNP tree and ND tree are reference-based phylogeny, whereas cgMLST, wgMLST and rMLST are reference-free based methods and were constructed based on 1,343 loci, 1,643 loci and 52 loci schemes respectively. There were 101 SNPs left after recombination removed. Therefore, the SNP tree was constructed using the identified 32,392 SNPs before recombination detected. Additionally, the core genome tree was built based on 557 shared core genes. The present document has been produced and adopted by the bodies identified above as author(s). In accordance with Article 36 of Regulation (EC) No 178/2002, this task has been carried out exclusively by the author(s) in the context of a grant agreement between the European Food Safety Authority and the author(s). The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, without prejudice to the rights of the author(s).
The order of the circle lanes from inner to outer was quinolone (R: resistance caused by gyrA mutations; S: no gyrA mutation detected), tetracycline (R: resistance caused by tet(O); S: no tet(O) gene), beta-lactamase (R: resistance caused by blaOXA gene; S: no blaOXA gene), aminoglycoside (R: resistance caused by aph(3')-III, aadE; S: no aph(3')-III, aadE genes) and country. The present document has been produced and adopted by the bodies identified above as author(s). In accordance with Article 36 of Regulation (EC) No 178/2002, this task has been carried out exclusively by the author(s) in the context of a grant agreement between the European Food Safety Authority and the author(s). The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, without prejudice to the rights of the author(s).
The trees were compared branch to branch using R. The mean relative similarity between trees was determined using R ( Table 2 ). The comparison of trees showed that the trees were concordant at the internal nodes. The cgMLST and wgMLST were the most concordant as they are reference-free based method and constructed based on allele profiles of large set of multilocus sequences. Among the reference-free based trees, rMLST had the lowest relative similarity. The reference-free based trees and reference based trees (SNP and ND trees) showed low relative similarity. The cgMLST, wgMLST, SNP and ND trees were compared with each other to determine cluster similarity and agreement of clustering. Based on internal (ancestral) branching, the trees can be divided into four main clusters. The clusters from the cgMLST tree were used as reference clusters. The number of isolates found in the same clusters for each of the other trees is summarized in Table 3 . The cgMLST and wgMLST trees had high agreement of clustering. The cgMLST and SNP tree were somehow in agreement except strains from cluster 2 that 46 out of 64 isolates from SNP tree were in agreement. The SNP tree was constructed from core SNPs. This might filter out some SNPs caused by horizontal genetic exchange and recombination. The ND tree was the least concordant with cgMLST in term of clustering agreement as the main cluster 1 and 2 from cgMLST were grouped into main cluster 4 of ND tree and the strains from cluster 4 of cgMLST were separated into three different clusters in ND tree (Table 3) . In addition, the tree from rMLST using 52 loci and the core genome tree using 557 shared core genes provided a similar tree topology with 4 main clusters. All of the trees using either the gene by gene approaches (cgMLST, wgMLST, rMLST and core genome) or reference based approaches (SNP and ND), didn't cluster strains by geographical origin. All of the trees revealed that the isolates were clustered according to the presence/absence of gyrA mutations and ST-types.
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In order to determine how the 502 poultry C. jejuni isolates attribute in a global phylogeny, a set of additional 536 available C. jejuni isolates were included in the cgMLST tree ( Figure 8 ). The global tree
(1,038 genomes) showed a large cluster of FQ-S isolates. There is no pattern of clustering according to country of origin and year of isolation. The majority of isolates were from poultry and they seem to be clustered together, whereas the human isolates spread sporadically throughout the tree.
The order of the circle lanes from inner to outer was quinolone (R: resistance caused by gyrA mutations; S: no gyrA mutation detected), country, source and year.
Figure 8: cgMLST tree of global isolates
To understand whether the fluoroquinolone resistance among C. jejuni is associated to the individual countries without any effect from clustering due to the presence of gyrA mutations, we made two additional cgMLST trees from FQ-R isolates (n=307, presence of gyrA mutations) ( Figure 9 ) and isolates without gyrA mutation (n=195) (Figure 10 ). The cgMLST tree for FQ-R isolates can be divided into six clusters and the cgMLST tree for non-gyrA mutation isolates can be separated into five clusters based on internal (ancestral) branching. From the clusters in the cgMLST trees, the distribution of countries was summarized as the number of isolates and percentage of isolates in Figures 11 and 12 for FQ-S and FQ-R isolates, respectively. Isolates from the same country, regardless of the presence of gyrA mutations, were associated with two or more clusters in the trees. The majority of FQ-R isolates from Finland were related The present document has been produced and adopted by the bodies identified above as author(s). In accordance with Article 36 of Regulation (EC) No 178/2002, this task has been carried out exclusively by the author(s) in the context of a grant agreement between the European Food Safety Authority and the author(s). The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, without prejudice to the rights of the author(s).
to a single cluster in FQ-R cgMLST tree and FQ-S isolates from Finland were associated with two clusters in FQ-S cgMLST tree, indicating that Finnish isolates were more clonal and restricted to Finland. All clusters from the cgMLST tree of FQ-R isolates contained strains from at least 9 to all 12 countries.
The order of the circle lanes from inner to outer was tetracycline (R: resistance caused by tet(O); S: no tet(O) gene), betalactamase (R: resistance caused by blaOXA gene; S: no blaOXA gene), aminoglycoside (R: resistance caused by aph(3')-III, aadE; S: no aph(3')-III, aadE genes) and country. The present document has been produced and adopted by the bodies identified above as author(s). In accordance with Article 36 of Regulation (EC) No 178/2002, this task has been carried out exclusively by the author(s) in the context of a grant agreement between the European Food Safety Authority and the author(s). The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, without prejudice to the rights of the author(s).
The order of the circle lanes from inner to outer was tetracycline (R: resistance caused by tet(O); S: no tet(O) gene), betalactamase (R: resistance caused by blaOXA gene; S: no blaOXA gene), aminoglycoside (R: resistance caused by aph(3')-III, aadE; S = no aph(3')-III, aadE genes) and country. In C. jejuni and C. coli, it is common that alleles are present in more than one population but at different frequencies (Pascoe et al., 2017) . Based on this principle, the similar population of Campylobacter spp.
should have similar allele frequency. Therefore, the matrix of allele frequency at host (excluding human isolates) and country levels from all isolates including global collection was subjected to principal coordinate analysis (PCoA) (Figure 13 ). Each dot in the PCoA plot represents a set of C. jejuni isolates from the same source and country. The PCoA showed that out of 708 total poultry isolates, the 617 isolates from Spain, USA, Luxemburg, France, The Netherlands, Portugal, Belgium, England, Germany, Italy, Poland and Romania were concentrated together, indicating a closely related population. The poultry isolates from Antarctica (n=3), Sweden (n=7) and Lithuania (n=2) were identical in PCoA plot because there were a few poultry isolates from those countries and they had identical alleles profiles. The poultry isolates from Finland (n=79) were distantly separated from other poultry isolates. The Finnish isolates also formed a separate cluster in the phylogenetic trees. This indicates distantly related C. jejuni populations in Finland compared to the C. jejuni populations in other European countries in this study.
The PCoA showed similar allele frequency between Romania-Poland, Italy-Germany-England, Portugal-the Netherlands and USA-Luxemburg indicating similar C. jejuni populations between those countries. The present document has been produced and adopted by the bodies identified above as author(s). In accordance with Article 36 of Regulation (EC) No 178/2002, this task has been carried out exclusively by the author(s) in the context of a grant agreement between the European Food Safety Authority and the author(s). The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, without prejudice to the rights of the author(s). The present document has been produced and adopted by the bodies identified above as author(s). In accordance with Article 36 of Regulation (EC) No 178/2002, this task has been carried out exclusively by the author(s) in the context of a grant agreement between the European Food Safety Authority and the author(s). The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, without prejudice to the rights of the author(s).
and antimicrobial use data, it is not significant enough to conclude the association between trade connectivity and population of C. jejuni and between antimicrobial use in livestock and C. jejuni population at country level.
Dimension 1 and 2 are PCoA dimensions. The shorter line indicates the more similarity of the two compared PCoA; trade pattern and allele frequency of each country.
Figure 14:
The symmetric Procrustes correlation coefficients, p-value (significance) and plot between trade pattern and allele frequency of the 502 C. jejuni isolates The present document has been produced and adopted by the bodies identified above as author(s). In accordance with Article 36 of Regulation (EC) No 178/2002, this task has been carried out exclusively by the author(s) in the context of a grant agreement between the European Food Safety Authority and the author(s). The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, without prejudice to the rights of the author(s).
Dimension 1 and 2 are PCoA dimensions. The shorter line indicates the more similarity of the two compared PCoA; antimicrobial use and allele frequency of each country.
Figure 15:
The symmetric Procrustes correlation coefficients, p-value (significance) and plot between antimicrobial use in livestock and allele frequency of the 502 C. jejuni isolates
Discussion and Conclusions
This study showed a high genomic diversity of FQ-R and FQ-S C. jejuni across the 10 largest poultry production countries in the EU. A high degree of agreement at internal nodes between the different typing methods was also observed. All trees clustered the 502 C. jejuni into four main clusters and had high number of isolates found in the same clusters. Comparing all nodes between trees, all trees showed low relative similarity score indicating that the degree of agreement at external nodes between trees was The present document has been produced and adopted by the bodies identified above as author(s). In accordance with Article 36 of Regulation (EC) No 178/2002, this task has been carried out exclusively by the author(s) in the context of a grant agreement between the European Food Safety Authority and the author(s). The present document is published complying with the transparency principle to which the Authority is subject. It cannot be considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, without prejudice to the rights of the author(s).
low. It is currently not known which methods provide the most biologically correct clustering for internal and external nodes. Patterns of clustering according to the presence/absence of gyrA mutations and STtypes were observed. The isolates were not clustered according to the presence/absence of acquired resistance genes, country of origin and isolation year. The similar patterns of clustering were found in the cgMLST tree of additional published C. jejuni genomes. In addition, poultry isolates formed clusters unlike human isolates that spread through the tree. This indicates associated populations of C. jejuni in poultry origin and indicates high diversity of human C. jejuni isolates. The human isolates may originate from multiple host species. Isolation of bacteria in different host species can lead to population differentiation especially in the human C. jejuni isolates under this study.
The cgMLST trees of only FQ-R and FQ-S isolates also showed that isolates from the same country of origin were distributed into multiple clusters similarly to the trees combining FQ-R and FQ-S isolates. This result suggested that the presence/absence of gyrA mutations (T86I, T86A and T86V) for FQ did not influence the clustering of country of origin.
Using different genomic approaches either the gene by gene approach or the reference based approach and using different sets of genomic markers for constructing phylogeny ranging from whole genome MLST (1,643 loci), core genome MLST (1,343 loci), shared core genes (557 genes) and rMLST (52 loci), none of the phylogeny methods can cluster strains based on the country of origin. Phylogenetic signals can be weakened by genomic changes that occur within the reservoir host. This might make it difficult to attribute the country of origin based on phylogenetic analysis using either gene by gene or reference based approaches. A benchmark C. jejuni genomic dataset with known epidemiology or known phylogeny should be conducted for benchmarking of different phylogenetic methods. This would be critical for future outbreak detection of C. jejuni where we do not know which tool or method should be the most accurate one for outbreak investigation.
In agreement with previous studies (Kinana et al., 2006; Habib et al., 2009; Kovač et al., 2014; Cha et al., 2017) this study confirms an association between specific clonal types and the emergence of fluoroquinolone resistance. Based on the data available and the analysis performed in this study it cannot be concluded whether this relates to independent selection within countries or transmission of already resistant clones between countries. Also in agreement with previous studies (McTavish et al., 2008; Asakura et al., 2012) , this study suggests phylogeographic structuring and proliferation of specific lineages in the different countries. In some countries the same types seem to predominate; however, the similarity between countries is not similar for FQ-R and FQ-S isolates and this requires further analysis. In
Campylobacter, analyses of genomic data and molecular typing have been successful in identifying the reservoir host but not geographical origin (Pascoe et al., 2017) . This is one of the main limitations of genomic analysis and cluster identification of Campylobacter genomes. Determination of alternative biogeographical markers in Campylobacter genomes and applying population genetics will contribute to the improvement of identification of geographical clustering.
Different genomic approaches have advantages and disadvantages in term of typeability. Only the conventional seven genes multilocus sequences and core genome multilocus sequences can give nomenclature of isolates as ST-type and cgST-type respectively. There are currently no allele profiles for wgMLST and rMLST. Nonetheless, the existing allele profiles for cgST-type are limited mainly to human C. jejuni isolates. Only 53% of the 502 poultry C. jejuni isolates in this study could be assigned to known cgST-types. SNP tree cannot give any nomenclature of isolates, however it can give SNP alignment that can be used for further analysis such as recombination analysis or temporal phylogenetic analysis. Similarly to core genes, it is a non-nomenclature approach. Nonetheless, it gives core gene sequences that could be used for identifying highly recombining genes as candidate markers of geographical attribution. In addition, other genes such as pan-genome and accessory genes could be candidate genes for further study on geographical origin. In addition, there was high level of recombination in this collection of C. jejuni (only 101 SNPs left after recombination detection of 32,392 identified SNPs).
The poultry isolates from Finland formed its own cluster in all phylogenetic trees, being different in the distribution of the top 20 ST-types and being placed distantly in the PCoA plot of allele frequency (Kovanen et al., 2014 and Llarena et al., 2017) . This result indicates that the Finnish strains were from distantly related populations and different from the other C. jejuni populations from other European GenCamp -Genomics of quinolone-resistant and susceptible C. jejuni of poultry origin in EU countries www.efsa.europa.eu/publications 29 EFSA Supporting publication 2018:EN-1398
countries included in this study. However, as the strains included in this study were from limited number of countries, the relationship between C. jejuni populations in other countries remains unknown, especially in Nordic countries.
The allele frequency indicated that the populations of C. jejuni isolates from poultry were more similar than the populations of C. jejuni isolates from other host species (Figure 13 ). The allele frequency also indicated the association of geographical origins of the poultry C. jejuni isolates. Analysis of allele frequency would be an alternative genomic approach for identification of geographical origin and source attribution of Campylobacter ssp. Nevertheless, the country association from allele frequency need to be confirmed and supported by other analysis for instance the suggested analyses mentioned above and more detail on epidemiological data and trade data between those countries.
Trade connectivity and antimicrobial use in livestock were not significantly associated with allele frequency or populations of C. jejuni. Finland showed relatively lower association than other countries between trade and population of C. jejuni. This could be due to no influences of trading to the population structure of C. jejuni in Finland. Alternatively, the pattern of trading in general might not be able to link to population of C. jejuni. For instance when recombining Campylobacter transfer to a new animal host, it may acquire DNA from the resident population by horizontal gene transfer and become a different population than the original population in the exporting country.
Available antimicrobial usage data refer to sales of veterinary antimicrobials for all livestock species, not specifically poultry. The lack of precise data on the antimicrobial use in poultry from the poultry production countries and the lack of metadata, for instance the information of poultry farms, trade and the amount of antimicrobials used in each of antimicrobial classes from the country of isolation limit the ability to identify whether the emergence of antimicrobial resistance among C. jejuni is related to the selection through the antimicrobial use in these individual countries or to the transmission through countries.
In conclusion, the genomic diversity of FQ-R and FQ-S C. jejuni across the 10 largest poultry production countries in Europe was high. All phylogenetic approaches were concordant for internal nodes but not for external nodes. None of phylogenetic approaches could identify the country of origin of the isolates. There is a need to have a set of well characterized (benchmark) WGS data with known phylogeny for benchmarking different whole genome based phylogeny methods. Allele frequency could determine the association between countries of origin. Isolates were clustered based on gyrA mutations, ST-types and animal host species. No significant association between trade patterns, antimicrobial use in livestock and population of C. jejuni could be identified in this study, but trade and antimicrobial use data available were limited. Better trade and antimicrobial use data especially the antimicrobial use in poultry would be required to investigate this association.
